Materials and Methods

Assembly and purification of membrane channels
Molecular self-assembly with scaffolded DNA origami. Structures were designed using caDNAno v.02 (29) . DNA scaffold strands of 7249 bases length derived from the genome of bacteriophage M13 were prepared recombinantly as previously described (4) . Staple oligonucleotide strands were prepared by solid-phase chemical synthesis (Eurofins MWG, Ebersberg, Germany, HPSF purification). Cholesterol modified oligonucleotides were synthesized using standard phosphoramidite chemistry, HPLC purified, and quality checked by mass spectrometry by biomers (Ulm, Germany).
Production of DNA channel structures was accomplished in one-pot reactions by mixing 20 nM scaffold strands with 100 nM of oligonucleotide staple strands in a buffer including 5 mM TRIS, 1 mM EDTA, 20 mM MgCl 2 , 5 mM NaCl (pH 8) (4, 9) . The mixture was subjected to thermal annealing ramps that cooled from 65°C to room temperature. Shortly before purification the origami structures were incubated with 10 µM of cholesterol-modified oligonucleotides at room temperature for one hour.
Purification. 50µl of the reaction products were mixed with 450 µl of buffer containing 5 mM Tris, 1 mM EDTA, 5 mM MgCl 2 , 5 mM NaCl and spin filtered with a 100 kDa Amicon filter (Millipore) at 2000 rcf for 30 minutes. The filtration was repeated 5 additional times. After purification, the concentration of oligonucleotides not bound to the DNA channel is negligible as judged from gel electrophoresis.
Preparation of lipid membrane vesicles
Formation of small unilamellar vesicles (SUVs) . POPC (1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine) lipids were dissolved in chloroform to a concentration of 5 mg/ml. A lipid film was formed by evaporating 1 ml of POPC solution in a 5 ml round bottom flask, using a rotational evaporator. The flask was kept under vacuum for at least 30 minutes to evaporate remaining chloroform. The lipid film was resuspended in 2 ml of a 150 mM aqueous KCl solution. Subsequently, SUVs were formed by sonicating the solution with a tip sonicator (Bandelin Sonoplus mini20) for ca. 5 minutes at 8 W, until the solution started to become transparent. Afterwards the SUVs were purified by centrifugation at 1500 rcf for 5 minutes. The solution was shock frozen with liquid nitrogen and kept at -80°C until usage.
Preparation of giant unilamellar vesicles (GUVs) . GUVs were created by electroswelling using the following procedure: 6µl (10mg/ml) DPhPC (1,2-diphytanoylsn-glycero-3-phosphocholine, Avanti Polar Lipids, Alabaster, AL, USA) with 10% Cholesterol were dissolved in Chloroform. The solution was dried on two parallel platinum electrodes, d=0.5 mm, with a spacing of 2.5 mm (center to center) for 1h under vacuum. The electrodes were then inserted into a 500 µl eppendorf tube filled with 1.2 M sorbitol. The osmolarity was determined with an Osmomat 30 (Gonotec, Berlin). The osmolarity of the GUV buffer was adjusted by slightly changing the sorbitol concentration. Then a voltage of 3 Vp-p at 5 Hz was applied for 3h.
Imaging
Transmission electron microscopy. Particles were adsorbed on glow-discharged formvar-supported carbon-coated Cu400 TEM grids (Science Services, Munich, Germany) and stained using a 2% aqueous uranyl formate solution containing 25 mM NaOH. Imaging was performed using a Philips CM100 transmission electron microscope operated at 100 kV. Images were acquired using an AMT 4x4 Megapixel CCD camera. Micrograph scale bars were calibrated using 2D catalase crystal lattice constants as length reference. Imaging was performed at 28500x magnification for the majority of images and 11500x magnification for overview images.
TEM image processing. Micrographs of individual particles were picked using the EMAN2 (30) boxer routine. Micrograph alignment and superposition was performed using the XMIPP mlf_2Dalign routine (31) .
Fluorescence/DIC imaging of DNA channels on GUVs. Mg 2+ ions strongly influence the permeability of GUV membranes. In order to study interactions of DNA channels with GUVs, fluorescence imaging experiments were performed in a Mg 2+ free buffer containing 300mM KCl. Control TEM experiments confirmed the stability of DNA channels under these conditions. For staining, 4 µl of DNA channel solution were incubated with 1 µM (1µl) YOYO-1 (Invitrogen, Life Technologies GmbH, Darmstadt, Germany) for 2 hours in 600 mM KCl, 0.5xTBE. Then, 5 µl of the GUV solution were added and incubated for 1 h. Next the GUV-Origami solution was diluted in 5 steps to a final concentration of 300mM KCl and 600 mM sorbitol in order to reduce background fluorescence. (All other consumables were purchased form Sigma Aldrich, Munich, Germany). A microscopic observation chamber was assembled using vacuum grease and a cover glass, coated overnight with 5% BSA solution. For fluorescence and DIC imaging an Olympus IX81 microscope with a 60x 1.4 oil immersion objective and a Hamamatsu Orca r2 camera was used.
Electrical measurements
All electrical experiments were performed using 16 channel microelectrode cavity arrays (MECA) (12) provided by the group of Jan Behrends, University of Freiburg. The MECA chips were interfaced using an Orbit 16 device, provided by Nanion Technologies GmbH, Munich, Germany. Lipid solutions were prepared from 1,2-diphytanoyl-snglycero-3-phosphocholine (DPhPC, Avanti Polar Lipids, Alabaster, AL, USA) and dissolved in octane (Sigma Aldrich, Munich, Germany) at a concentration of 10 mg/ml. As electrolyte 1M KCl solution (Merck KGaA, Darmstadt, Germany) was used, containing 10 mM Tris and 1 mM EDTA (Sigma Aldrich, Munich, Germany) at pH 8. To form lipid bilayers on the 16-well MECA chips, 100 µl of electrolyte solution were added to the measurement chamber. In the MECA setup, the ground Ag/AgCl electrode resides in the cis (upper) compartment. 1-2 µl of lipid solution were pipetted in the vicinity of the cavities followed by painting the lipid bilayer on top of the cavities using a magnetic stir bar. Parallel current recordings were performed using a 16 Channel Triton+ amplifier (Tecella Inc., Costa Mesa, CA, USA) that was controlled via a custom made Labview (National Instruments Germany GmbH, Munich, Germany) measurement software. For low noise experiments on the gating behaviour of the DNA structures, individual channels were switched to a single channel patch clamp amplifier (EPC9, HEKA Elektronik GmbH, Lambrecht, Germany). HPLC purified oligonucleotides for translocation studies (biomers, Ulm, Germany) were dissolved in 10 mM Tris, 1mM EDTA solution at pH 8. DNA sequences:
Hairpin: 5'-(dT) 6 -ATCTACATATTTTTTTTTTTATGTAGAT -(dT) 50 -3' Q-T60: 5'-GGTTGGTGTGGTTGG -(dT) 60 -3' Q-T125: 5'-GGTTGGTGTGGTTGG -(dT) 125 -3'
Data analysis
Patch clamp data were analyzed using custom routines implemented in Matlab (MathWorks, Ismaning, Germany). A cut-off frequency of 3 kHz was used for the builtin Bessel filter of the Tecella amplifier, but in fact the slow frequency response of the 16 channel amplifier board limited the bandwidth considerably (0.5 -1.7 kHz) in our experiments. To determine the amplitude of measured current blockades reliably, rising edge and falling edge of all peaks were fitted with single exponentials as described in Ref. (12) . All dwell time histograms feature logarithmically spaced bin widths and were fitted with a single exponential (p(t)=exp(-t/τ)) with the time constant τ being the only fit parameter. For measurements on hairpin translocation, it was necessary to introduce an amplitude scaling factor to obtain satisfying fits.
Supplementary Text
Note S1: Quality control of DNA channel formation The quality of folded and purified DNA channels was assessed by direct imaging using negative-staining transmission electron microscopy (TEM), before the samples were used for electrical characterization. Typical single-particle TEM micrographs are shown in Figs. S1-S2. The quality of DNA channel assembly, binding of cholesterol, and the efficacy of purification from excess DNA strands was assessed using agarose gel electrophoresis ( Fig. S3 ).
Fig. S1
Negative-stain TEM micrographs of DNA channels. Left panel: side view transmission projections, right panel: side view projections rotated by 60° around the long axis relative to side view 1. Each micrograph is sized 110 nm x 110 nm. The first micrograph in the top row of each of the panels is an average micrograph. See also Fig. 1D .
Fig. S2
Negative-stain TEM micrographs of DNA channels -top view. Each micrograph is sized 60 nm x 60 nm. The first micrograph in the top row is an average micrograph. See also Fig. 1D .
Fig. S3
Electrophoretic mobility analysis. A: Laser-scanned photograph using a Typhoon FLA9500 (GE Healthcare) of a EtBr-stained 2% agarose gel slab on which the following samples where electrophoresed: M=1kb ladder, 1= scaffold DNA strand, 2: set of staple DNA stands used for the folding, 3: cholesterol-modified DNA strands, 4: products from one-pot thermal annealing of scaffold DNA and staple DNA strands: the folded DNA channel species migrates faster through the gel as the unstructured scaffold due to structural compaction, 5 = folded DNA channel after purification from short oligonucleotides, 6 = folded unpurified DNA channels after addition of cholesterolmodified DNA strands, 7: folded DNA channels that were purified from all short DNA strands after addition of cholesterol-modified DNA strands. B: The same gel as in A, but laser scanned on a different emission wavelength. One of the staple DNA strands required for folding the DNA channel was labeled with the organic dye Atto655. Note the absence of any fast-migrating staple strand species in lane 7, after purification, highlighting the efficacy of the purification method for removing short strands. C: Falsecolored overlay of images from A and B.
Note S2: Binding of the DNA channel to lipid membranes, TEM evidence for stem insertion Binding of the DNA channel to lipid bilayer membranes was promoted by hydrophobic cholesterol moieties that were attached to the DNA channels. These moieties were attached to DNA oligonucleotides which in turn were hybridized to single-stranded adaptor strands protruding at 26 positions from the face of the 'barrel' domain of the channel structure that faces the stem domain (cf. schematic depiction in Fig. 1A of the main paper, staple sequences in Supplementary Note S8 and design diagrams in Note S9). The cholesterol-modified DNA oligomers had the sequence 5' CCTCGCTCTGCTAATCCTGTTA-3'.
Depending on the position of the modification (5' or 3') on the chemically modified DNA strand, the cholesterol moiety can either be placed in close vicinity of the channel structure or within a distance of 22 bases from the cap. Both versions were investigated in our studies and showed electrically detectable interactions with the lipid membrane. The proximal modification version was found to lead to more stable insertions into the membrane, whereas the distal version mainly caused transient current fluctuations that were not stable upon voltage reversal. We thus used the proximal modification.
We obtained transmission electron microscopy (Figs. 1E-G, Figs. S4-S9) and complementary fluorescence microscopy evidence ( Fig. S10 ) for binding of the DNA channels to lipid bilayer membranes. DNA channels with cholesterol modification adhered readily to lipid membranes (Figs. S4-S7), while DNA channels without the modification did not show any appreciable interaction with the membranes (Figs. S5-S7).
We further investigated the influence of the number of cholesterol modifications as well as their geometric arrangement on their efficacy of promoting binding of the DNA channel to membranes ( Fig. S8) . A statistical analysis of our samples showed that the small unilamellar vesicles had a typical projected diameter on the order of 50 nm (from the TEM image it cannot be judged whether the vesicles burst and restructured or collapsed on the TEM grid). The fraction of vesicles with at least one DNA channel increased with the number of cholesterols, with good binding starting above ≈ 10 cholesterols per channel (cf. Fig. S8 ).
The TEM data obtained with the DNA channel version featuring 26 cholesterols further clearly revealed that the cholesterol modifications at the stem-face of the barrel promote binding of the DNA channel to lipid membranes in the desired orientation in which the stem faces the membrane (Figs. S4-S9). There are a number of additional implications of the TEM data that also support the notion of membrane-insertion of stem domain of the DNA channel.
a) The most frequently observed images are of the type in Figure 1E (see also Figs. S4-S6), where one or two DNA channels adhere to small vesicles that are comparable in size to the channel itself. In these images, the transmission signal of the vesicles is very high, suggesting that the interior of the vesicle does not contain the heavy ions of the staining agent (uranyl formate in this case) which are responsible for the contrast. If the stem domain penetrates into a stain-excluding vesicle, it will thus be invisible (case 1). If the stem domain were above or below the vesicle (case 2), it should add to the observed transmission contrast which is not observed. The data in Figs. 1F and S9 (see also b) and new experiments (see d) clearly show that when the stem domain is accessible to the staining agent (case 2), it can be detected. Another possible explanation of the data in figure 1E is physical rupture of stem domain from the channel (case 3). The rupture, however, must then be specifically induced by attachment of the channel to a membrane since objects in the same micrographs that are not attached to a vesicle all have intact stem domains. The data in Figs. 1F and S9 (see b) and new experiments (see d) show that membranes do not induce rupture of the stem domain. Thus the data in figure 1E favors case 1, i.e. insertion of the stem into the membrane. b) Some images such as those in Figs. 1F and S9, where multiple DNA channels have adhered to larger medium-size vesicles show the stem as apparently pinching through the lipid membrane. Note that the transmission contrast of the larger vesicles is significantly lower than that of the smaller ones in Fig. 1E . This suggests that the vesicle actually does contain the heavy ions of the stain. The fact that the stem domain is visible for some of the DNA channels argues against the notion that attachment to membranes promotes rupture of the stem domain (case 3 in a). The data in figure 1F can be explained either by an actual insertion into a vesicle that does contain stain (case 1) or by a situation where the stem is above or below the membrane but not actually inserted (case 2). Although it cannot be decided which case applies here, what the data shows is that the stem domain can be detected either in a stain-filled vesicle or when on-top or below of membranes. The data in Figs. 1F and S9 thus clearly supports our interpretation in (a) of figure 1E. c) In TEM images of DNA channels adhered on top of larger membrane patches (such as those in Fig. 1G , shown in detail in Fig. S7 ), the stem domain is not visible for channels adhered on the membranes, but it still is visible for channels that are not on top of a membrane. Again, one explanation for this finding is that for channels on membranes the stem penetrates the lipid bilayer but is protected from the staining agent by the surrounding membrane patch (case 1), and is thus invisible to the observer. An alternative scenario that could explain the data would require physical rupture of the stem from the channel, but this must then have happened exclusively to channels adhered to a membrane (case 3). The data discussed in (b) and new experiments in (d) show that case 3 can be ruled out. d) We prepared new variants of the DNA channel with cholesterol modifications attached asymmetrically (rather than concentrically) with respect to the stem on the channel and acquired new TEM data (see Fig. S8 ). We argued that the asymmetric configuration might help creating a "false positive" control in which the channel attaches to the edge of membranes, but the stem domain may not necessarily need to penetrate the membrane in order to satisfy all possible membrane/cholesterol 'bonds'. The resulting images show binding of these modified channels to the membrane. Importantly, images of smaller vesicles with bright transmission contrast (suggesting that the interior of these vesicles may be free from the staining agent) could be collected. In contrast to (a), however, for many of these images the stem domain could now clearly be discerned. Without any assumption on whether the stem actually penetrates the membrane or not, this finding shows that the stem domain can be discerned and does not rupture in the vicinity of these stain-free, high contrast vesicles. This was a so far missing piece of evidence that now helps to rule out case 2) in the discussion of (a).
Taken together, the only scenario that appears consistent with all the TEM data is the one in which the stem domain of the TEM channel can actually insert into the membrane. This note includes the following figures: 
Fig. S4
Negative-stain TEM micrographs of cholesterol-modified DNA channels attached to POPC small unilamellar vesicles (SUV). Each micrograph is sized 60 nm x 60 nm. The first micrograph in the top row contains the respective average micrograph also depicted in Fig. 1D . 
Fig. S10
Fluorescence microscopy DNA channels to DPhPC GUVs. a. Differential interference contrast images of GUVs in 300 nM KCl solution b. Epifluorescence microscope images of YOYO labeled origami pores bound to the GUV membranes. The presence of labeled DNA channels in solution leads to a strong fluorescence of the GUV membranes, suggesting that the DNA channels accumulate at the membrane surface due to binding interactions. A control experiment where only YOYO dye was used showed no observable fluorescence of the vesicle membrane. TEM images confirm that the intercalating dye YOYO does not alter the origami structure at the labeling density used here.
Note S3: Membrane insertion of DNA channels
General considerations.
The energy cost associated with inserting a DNA channel into the hydrophobic core of the membrane without rearrangement of the lipids would be extremely high (already the insertion of a single monovalent ion would cost several eV (or several 100 kJ/mol) according to the Born model). We therefore assume that the lipids dynamically re-arrange around the DNA channel with the hydrophilic heads facing the stem of the structure. The resulting lipid structure would be similar to that of "toroidal pores" that have been studied in the context of pore-forming peptides such as melittin, solvents, mechanical stress or electroporation (32, 33) .
Thermodynamics of insertion. Energetically, the membrane insertion process involves a variety of contributions: the formation of a toroidal hole of radius R in the bilayer membrane is typically estimated to cost a free energy of E = 2 π γ L Rπ γ S R 2 , where γ L is the specific line tension of the lipid membrane and γ S is its specific surface tension. A defect exceeding a critical size R c = γ L /γ S will actually continue to grow, whereas smaller defects tend to reseal. We here estimate the energy cost for formation of a small hole conservatively by keeping only the linear term which dominates for small R, i.e. by E ≈ 2 π γ L R.
Experimental and theoretical values for γ L lie in the range of 5 -40 pN (34). To accommodate a six helix bundle of diameter 6 nm would therefore cost less than ≈ 100 -800 pN nm ≈ 25 -200 k B T. This is compensated by the free energy gained from binding of the cholesterols to the lipid membrane. Insertion of a single cholesterol from solution into a lipid bilayer results in an energy gain of order 20 -25 k B T (35) . As the cholesterols are concentrically arranged around the stem (cf. Fig. S8 ), the maximum number of cholesterol insertions is achieved, when the stem points perpendicularly through the membrane. In addition, in the presence of divalent ions (the DNA channels are stabilized by Mg 2+ ions), there is a favorable interaction between the zwitterionic headgroups of the PC lipids used in this study (36) . Again, this energy is maximized when the DNA channel is inserted perpendicularly into the membrane. This shows that the cost for pore creation can be compensated by the favorable binding energies.
Mechanism of insertion.
In order to be able to insert into a lipid membrane, however, a potentially high activation barrier first has to be surmounted. The height of this barrier will depend on the lipid type (or lipid composition for mixtures), the curvature of the membrane, the presence of phase boundaries or defects within the lipid bilayer (32, 33) . Membrane defects can be created thermally, by chemical or electrical gradients, or by mechanical tension (33) . Membrane binding molecules are in fact thought to preferentially insert at such defects and phase boundaries (37, 38) .
In our work two different types of lipid bilayer membranes were used: POPC lipids were used for the fabrication of small unilamellar vesicles (SUVs), while DPhPC lipids were used for the electrophysiological measurements. This choice was made as POPC provided better SUV samples, while DPhPC provided more stable suspended bilayer membranes, which are better suited for long-term electrophysiological measurements, and which sustained higher voltages. POPC and DPhPC are quite different in their physical properties: POPC is a phospholipid with an unsaturared fatty acid chain and is in the liquid disordered state in our experiments, DPhPC is a fully saturated lipid and is known to form very stable lipid membranes (in the liquid ordered state in our experiments).
In fact, we seem to observe spontaneous insertion into the lipid bilayer (as discussed in SOM text S2) only for POPC lipids, whereas for DPhPC bilayers the additional application of voltage pulses is required (see below). It seems likely that for the "more fluid" POPC bilayers, thermal fluctuations are sufficient to promote insertion of the stem into the membrane, whereas the energy barrier for spontaneous insertion into DPhPC layers is too high. Furthermore, as is also well known from pore forming proteins, insertion into SUVs is actually easier than insertion into large vesicles or membranes (39) , which may be attributed to a larger separation between the lipid headgroups due to the curvature of the SUVs.
As for the exact molecular mechanism of membrane insertion of our DNA channels, unfortunately so far no molecular dynamics studies are available that exactly correspond to this case. That penetration of large, charged molecules through a bilayer can occur in principle, however, has been shown in several cases previously. For instance, hydrophilic (charged) HIV-1 TAT peptides were shown to spontaneously translocate through zwitterionic phospholipid bilayers (40) , involving large membrane fluctuations and lipid rearrangements. Similar processes have been observed in MD simulations for translocation of the peptide penetratin (41) through the lipid bilayer.
For the DNA channels, we surmise that they initially adsorb to the lipid bilayer through their cholesterol modifications. It is conceivable that then the formation of defects and a similarly complex interplay of lipid rearrangements as for the charged peptides facilitate spontaneous insertion into the lipid bilayer, at least in the case of the more fluid, fluctuating POPC bilayers. For insertion, presumably the lipid headgroups are always oriented towards the DNA structure -here the positive charge of the zwitterionic PC headgroup may directly interact with the negative phosphate, whereas electrostatic interactions between the negative lipid charge and the phosphate backbone may be mediated by Mg 2+ ions bound to the origami structure (36) .
Pulse protocol for insertion into DPhPC bilayers. For electrophysiological experiments, insertion of DNA channels into planar suspended bilayers composed of DPhPC lipids was required, which is considerably less favorable than insertion into SUVs made from POPC. As mentioned above, a bias potential can assist the incorporation by local destabilization of the membrane, and we developed a dedicated pulse protocol for this procedure. Similar pulse protocols have been previously used to facilitate insertion, e.g., of α-hemolysin (14) , MspA (14) , or OmpF (13) channels into lipid bilayers.
After the addition of origami channels to supported lipid membranes on the MECA chip, the voltage pulse protocol shown in Fig. S11A is applied, supported by repeated mixing. After some time, typically a clear step in the current signal is observed along with an increase of 1/f noise ( Fig. S11B ). Typically this sharp increase in transmembrane current occurred during the initial part of the incorporation pulse (230 mV for 20 ms), suggesting a voltage-enhanced incorporation probability as known for other biological channels.
Similar current steps could be observed at 100 mV bias voltage, but less frequently. In some cases, two or more subsequent steps indicated the incorporation of multiple channels into the same membrane (see Fig. S11A inset). The flicker noise power varies greatly from channel to channel, from negligible up to values on the order of 10 -6 .
Fig. S11
a Top: Voltage pulse used for incorporation of origami channels into the lipid membrane. Bottom: Corresponding current response before (black dots) and during incorporation (red line). Inset: Consecutive incorporation of two origami channels at 100 mV bias voltage. b Noise power spectra before (black line) and after the incorporation of a single origami pore (red line). Current traces were recorded at 100 mV at a filter frequency of 3 kHz.
Control experiments. Using the same insertion pulse protocol, we performed experiments with DNA channels lacking a stem. These were prepared and purified in the same way as the complete DNA channels, but with the staples responsible for folding of the protruding six-helix bundle left out ( Fig. S12 ). For these "mutants", we did not observe any incorporation within several hours of observation time. We also performed experiments with cholesterol-labeled anchor strands alone. These also did not lead to the formation of channels in the lipid membranes. At very high concentrations (> 10 µM), cholesterol-labeled oligonucleotides destabilized the lipid bilayer, leading to membrane rupture.
Fig. S12
A channel mutant without stem (schematic depiction and TEM class average of the structure) constructed for control experiments. This structure did not penetrate through lipid bilayer membranes using the pulse protocol shown in Fig. S11 .
Multiple Insertions. In experiments with elevated membrane voltages (e.g., constant V=200 mV), occasionally large conductances/currents were observed that corresponded to the presence of several channels in parallel ( Fig. S13 ). We assume that in such cases, cholesterol-mediated aggregates of DNA channels initially adsorbed to the membrane inserted into the membrane in concert. In these cases, we observed stepwise closing of single channels over time, potentially caused by clogging of the channels. Partial recovery of the channel conductance is observed after setting the bias temporarily to 0 mV ( Fig. S13A ). As shown in Fig. S13 , current histograms display the quantized conductance of the DNA channels.
Fig.
S13 a Time course of the ionic current across the lipid bilayer with multiple origami channels incorporated at 200 mV bias voltage. The DNA channel structures used here had a 7 nt modification at site M2 (Notes S6, S8, S9). Vertical lines mark limits of continuous recording. The recording was suspended a this positions with no applied bias for a few ms. Right: Corresponding all-point current histogram, showing a mean peak-to-peak distance of 172±15 pA This corresponds to a mean conductance change of 0.86±0.08 nS. b Current response of origami channels at 200 mV with a modification present at site M1, accompanied by the corresponding all-point current histogram. The mean peak-to-peak distance corresponds to 194±14 pA (0.97±7 nS).
Note S4: Conductance of the DNA channels A simple estimate for the conductance of the DNA channel is obtained by approximating it by a cylindrical resistor of equal dimensions (length L = 42 nm, diameter d = 2 nm) with additional access resistances at the channel entrances. The conductance of such a cylinder is given by
resulting in a conductance of 0.78 nS for a electrolytic conductivity of κ=10.86 S/m (for 1M KCl at T=25°C (42)). This result fits our experimental findings well. As observed previously (24) , we also expected a considerable lateral conductivity, allowing ionic current also to flow from the sides of the origami cap or stem. Only in the membrane region the current is expected to be strictly confined to the central channel itself. Experimentally we find a conductance slightly higher than calculated above, supporting a leaky channel structure. It is also conceivable, that the central channel is actually slightly compressed and has a smaller diameter than the assumed 2 nm, but this effect might be overcompensated by leak conductivity.
As this issue cannot be answered quantitatively at this point without more detailed structural studies -potentially also involving molecular dynamics simulations of the DNA channel -, we performed simplified electric field calculations to get an impression of the influence of leaks on its electrical properties (see Note S5).
The conductance measured is close to that of α-hemolysin, which initially inspired the cap-stem structure for our DNA channel. For 1M KCl, e.g., a conductance of G=0.93 nS is measured for α-hemolysin (I=112 ± 3 pA for V=120 mV at T=21°C (43)). One has to note, however, that the physical properties of the DNA channel and α-hemolysin are quite different. α -hemolysin is shorter (10 nm including cap), narrower (1.4 nm at its central constriction), and less charged -in addition, the cap structure of the DNA channel appears to be leaky to the flow of small ions (see Note S5). Thus, presumably the combination of a variety of counter-acting effects coincidentally makes the DNA channel conductance similar to that of α-hemolysin.
Measurement setup. For the electrophysiological experiments, we utilized parallel chip setup (Fig. S14 ) recently developed by Baaken et al. (12) that allowed us to work with small sample volumes and increase the throughput of our measurements. The setup has 16 measurement sites connected to 16 amplifiers with relatively low temporal resolution. Depending on the type of experiment, measurements on a single spot were performed with a dedicated low noise patch clamp amplifier (cf. Materials and methods). On the bottom of the cavity an Ag/AgCl electrode is created by evaporation of gold followed by electrochemical deposition of a silver layer and subsequent chlorination. After forming a lipid bilayer across the cavities, membrane channels can be incorporated and current recordings can be performed.
Note S5: Mapping the potential inside the pore A qualitative study of how the origami structure's intrinsic electrical conductivity impacts potential distribution and channel conductance was performed by means of a finite element simulation using Comsol Multiphysics to solve Poisson's equation. To this end the DNA channel was approximated by two cylinders with diameters 6.6 nm and 20 nm, with a cylindrical channel of diameter 2.2 nm inside (Fig. S15A ). The lipid bilayer was modelled as a 4 nm thick layer with zero conductivity. The symmetry axis of the channel was defined as the z axis of the coordinate system. z=0 corresponds to the boundary of the lipid bilayer facing the stem side of the structure. The channel interior and adjacent solution compartments were simulated with KCl solution bulk conductivity (11 S/m). To screen the influence of origami leakiness, the conductivity of the origami structure was varied in the simulation from 10 -4 S/m (insulating) to 10 S/m. The mesh density ranged from 18 elements/nm 3 (channel interior & surrounding) to 10 -2 elements/nm 3 (solution compartments). Fig. S15 shows the results of the simulations. As expected, the calculated channel conductance coincides with that of a simple geometrical model (Note S4) for the limit of zero origami conductivity. For origami conductivity values of 10 -1 S/m and more (corresponding to 1% of the bulk solution conductivity) a considerable increase in channel conductance is observed. In the bulk solution limit, the channel conductance corresponds to a channel with a length equal to the lipid bilayer thickness and a diameter equal to the stem's outer diameter. The electrical potential along the channel's central axis is shown in Fig. S15D . Even at comparably low origami conductivity, a considerable inhomogeneity of the potential drop is apparent. Notably, the region of steepest slope is not at the center of the channel structure, but at the bilayer position, i.e. 26 nm from the cis side channel entrance. The local variation of electric field strength for nonzero leak conductivity can be expected to strongly influence translocation experiments, where charged molecules are pulled electrophoretically through the pore (cf. Discussion in Note S7).
Fig. S15
FEM Simulations of the DNA pore. A: Simulated conductance across a DNA channel incorporated into a lipid bilayer for varying intrinsic origami conductivity at 100 mV bias voltage and 11 S/m bulk solution conductivity. B: Color map of the electrical potential distribution along a y-z plane at x=0 calculated for 0.1 S/m origami conductivity. The dashed line marks the structure boundaries. C: Electric Field along the symmetry axis (zaxis) of the channel for varying origami conductivity. D: Corresponding potential drops along the channel. e Schematic illustration of the penetration depth of the structures used in translocation experiments before unzipping (cf. Figure 3 of the main paper).
Note S6: Channel gating
As shown in Fig. 2 of the paper, individual DNA channels displayed distinct gating behavior in which the channel conductance switched between several (sub)-conductance levels. While for high bias voltages the channels underwent full closure as seen, e.g., in Fig. S13 , at lower voltages we typically observed current reduction amplitudes ΔI corresponding to fractions of a single channel conductance. We also designed channel 'mutants', in which one of the central helices forming the stem of the DNA channel was modified with a single-stranded heptanucleotide not incorporated into the main origami structure. This modification potentially could fluctuate, block the channel, or act as a 'handle' for the electric field and lead to partial unzipping of a DNA staple strand. We studied two channel mutants -for modification M1 the heptanucleotide pointed into the central channel, for modification M2 the staple extension was oriented away from the central stem (pointing into one of the "other" holes of the cap, cf. Notes S8, S9). We found that both modifications increased the gating frequency and behavior. Moreover, we never observed a current signal without gating for the mutants, whereas many of the unmodified DNA channels showed no gating at all (such as in current trace i) in Fig. 2D ). Fig. S16A shows a scatter plot of conductance change vs. channel closure time for an unmodified DNA channel structure. A single population is observed with a mean conductance reduction of ΔG/ΔG 0 of 45% and an exponentially distributed dwell time with a mean value of 10.5 ms.
For modification M2 (Fig. S16B) , a second population occurs. As expected for this mutant, the additional staple pointing away from the central stem does not lead to a stronger blockade amplitude -however, it causes gating fluctuations at short timescales.
As seen in Fig. S16C , for modification M1 (heptanucleotide pointing into the central channel) a clear second population occurs with a higher blockade amplitude of 70% and a considerably shorter time constant of 0.3 ms. We also constructed a mutant M1' with a modification at the same position as M1, but with a heptanucleotide of different sequence (A 7 ) (Fig. S16D ). This modification causes a similar gating pattern as M1.
We also studied the voltage dependence of gating fluctuations of the M2 mutant ( Fig. S17 ). Apparently, the closure time increases slightly with increasing voltage, indicating the coupling of the closure events to electrostatic forces. Notably, this clearly differentiates gating events from translocation events through the channel, which become faster with increasing voltage (Fig. S19 
Fig. S16
Scatter plots of the relative conductance change versus dwell time for the closure states of A an unmodified origami channel, B a channel with modification (sequence TTTCCGG) on site M2, C with modification (sequence TTTCCGG) on site M1, D with a modification on site M1 but with different sequence (A 7 ) at 100 mV bias voltage. Each data point corresponds to a single closing event. In total 697 events (red), 2532 events (blue), 623 events (grey), and 931 events (black) were recorded. On the right and on the top the corresponding histograms are shown. The lines correspond to single exponential (no modification or modification M2) or double exponential (with modification M1), (top) and Gaussian fits (right). 
Fig. S17
Closure time for mutant M2 as a function of applied membrane voltage. The mean closure time increases with increasing voltage.
Note S7: DNA translocation experiments
Current blockade by DNA molecules with different tail lengths. In our DNA translocation experiments, DNA molecules (hairpin and quadruplex structures) with polythymidine tails of different lengths (60 and 125 nt) were investigated for both forward (cis-trans) and backward (trans-cis) translocation directions (cf. Fig. S15E ). The fact that longer tails lead to a larger transient current reduction is another clear indication of translocation through the central channel of our DNA structures. Moreover, the current blockade amplitudes measured in these experiments can be used for a qualitative discussion of the electric field distribution within the DNA channel.
In a simple picture, the presence of a DNA strand of length L DNA reduces the effective diameter of the channel from A to A-A DNA , where A DNA is the diameter of single-stranded DNA. Hence, the total conductance of the channel is given by the series of the conductances of blocked (G b ) and unblocked (G u ) part, i.e.,
Compared with an unoccupied channel the relative current reduction (conductance reduction) is then given by:
A 125 thymidine tail fully stretched to its contour length has a length of L DNA ≈ 50 nm, i.e., it spans the whole length of the DNA channel. Assuming an effective diameter of 1 nm for ssDNA, we would expect a current/conductance reduction of ΔG/G of A DNA /(A-A DNA ) ≈ 33% (L=L DNA in the formula above), which is considerably higher than what we observe (around 10%). This may be attributed in part to the lateral leak conductance of the channel structure discussed in Note S5. A 60 nt long tail corresponds to a length of L DNA ≈ 24 nm (assuming a base-to-base distance of 0.4 nm), from which we expect a ΔG/G of ≈ 15%. While again our experimentally observed reduction is smaller (~ 5%), this value is completely consistent with the value for the 125 tail if one takes the leak conductance into account.
As discussed in SOM note S5, a partially conductive DNA channel structure would result in a more complicated potential landscape/electric field distribution than the simple pore picture used for the estimations above. In Fig. S15E , the lengths of the DNA molecules together with the electric fields for different values of the leak conductivity are depicted. For finite leak conductivity, we expect a much stronger influence on the conductance from DNA molecules with long tails -traversing the high field region defined by the lipid bilayer membrane -than for the short tails. In fact, it is expected that short-tailed DNA molecules may feel a considerably smaller electric force depending on the exact field distribution. Furthermore, we expect short-tailed molecules to be sensitive to the translocation direction. As seen in the scatter plot Fig. 3c for DNA hairpins with a 50 nt tail, backward translocation results in faster translocations with a higher current amplitude, indicating that the short tail penetrates deeper into the high field region for the backward direction.
Length of the DNA tails in the channel. For translocation experiments we expect the DNA tails to be fully stretched in the channel, and therefore their lengths are simply given by the number of bases times the base-to-base-distance for ssDNA (0.4 nm -0.5 nm). As the channel width (2 nm) is close to this length as well as to the persistence length of ssDNA, the usual theories for polymer conformation inside a narrow channel are not applicable -these refer either to the limiting case where the channel diameter is much larger than the persistence length (resulting in a scaling treatment) or much smaller than the persistence length (resulting in a mechanical deflection model) (44) . A better molecular understanding of the conformation of DNA strands inside a DNA channel will require molecular modeling and simulation (45) .
In any case, for 100 mV applied bias over a length of L=42 nm, we expect electrostatic forces to be well in the higher pN regime (also supported by the fact that we observe force-induced melting of DNA duplexes in the translocation experiments). In free solution experiments, a single-stranded random coil structure would be completely stretched out at these forces, and we assume the same to be the case in the context of our translocation studies.
Voltage dependence of hairpin translocation. In order to demonstrate that the observed translocation signals are not "gating" signals, we also studied their voltage dependence. As shown in Fig. S18 , hairpin translocation can be measured at V=100 mV with typical dwell times in the range 1-10 ms. At this voltage, the event rate as well as the SNR is very low and we were therefore not able to collect enough data for performing a statistical analysis. In addition to the data presented in the main text ( Fig. 3C) which was collected at V=200 mV, we also performed translocation studies at V=250 mV (Fig.  S19 ). The dwell times decrease from 100 mV over 200 mV to 250 mV, which is a clear sign of voltage-assisted unfolding/translocation of the hairpin structures. By contrast, the "gating times" increase with increasing voltage as can be seen in Fig. S17 .
Measurements at V=250 mV are already performed close to the breakdown voltage of the lipid bilayer membrane, and thus also demonstrate that the stability of the DNA channels in an electrical field is not a limiting factor.
Quadruplex translocations in backward direction. In Fig. S20A , a scatter plot generated from backward translocation events (from trans to cis) of Q-T125 DNA at negative bias potential is shown. The scatter plot histograms yield a blockade amplitude that is 27% lower (11.2 pA) and a characteristic dwell time that is 2.3 times shorter (3.5 ms) than for the forward direction. This observation indicates a directionality of the translocation process itself, as the integrated electrophoretic force along the DNA channel should be independent of the direction of translocation (as the T 125 tail is expected to traverse the whole central channel). A possible reason for this effect may be steric or binding interactions at the entrance of the asymmetrically designed origami structure.
Long-lived events for Q-T125 translocation at long measurement times. For prolonged measurement times for the Q-T125 translocation experiment in forward direction (cf. Fig. 3C ), a sudden increase in long-lived blockade events was observed. A scatter plot including all Q-T125 measurement data recorded for these events is shown in Figure S20B . In this plot, a second population is clearly visible. It features a higher blockade amplitude (20.5 pA) than the main population and a considerably longer characteristic dwell time (46 ms). A comparable population was not observed for the Q-T60 measurement or for the Q-T125 backward translocation measurement. One possible explanation for this time dependent effect is the agglomeration of DNA molecules at the channel entrance over the course of a measurement run. In fact, after addition of quadruplex DNA the event rate continuously increased, indicating that the DNA concentration at the pore entrance rises over time. This may be a result of insufficient mixing upon addition (we mixed very gently to avoid destruction of the membrane) or interaction of DNA with single-stranded scaffold loops protruding from the DNA channel structure.
Life-time experiments with alpha hemolysin pores.
In Fig. 3F of the main paper it can be noted that the two G quadruplex structures with different tails lengths have approximately the same dwell time, even though the electrical forces applied to them should be quite different. This is in accord, however, with studies using α-hemolysin, which found a relatively weak voltage dependence of the quadruplex lifetime. We included data on hairpin stability and quadruplex stability as a function of voltage ( Fig. S21 ) measured in nanopore force spectroscopy experiments as previously described (46) . This peculiar behavior can be attributed to the different energy landscapes with quite different positions of the transition state for unfolding for hairpin and quadruplex structures.
Fig. S18
Examples for hairpin translocations at 100 mV with dwell times in the range 1-10 ms. 
Fig. S19
Comparison of hairpin translocations at 200 mV and 250 mV. The black lines correspond to exponential fits with τ=1.5 ms and τ=0.9 ms.
Fig. S20
Additional data for quadruplex translocations. a Scatter Plot of the current amplitude vs. dwell time for the backward translocation of Q-T125 through the artificial ion channel at negative bias voltage (-200mV), accompanied by the corresponding histograms. 266 events were detected. The solid lines correspond to single exponential (top) and Gaussian (right) fits to the histograms. b Long-lived population: Scatter Plot of the current amplitude vs. dwell time for forward translocation of Q-T125 (see Fig. 3 ), including data from the last part of the measurement. Each data point corresponds to a single translocation event. The lines correspond to single exponential (top) and Gaussian (right) fits to the histograms. Note S9: cadDNAno design maps of the DNA channels 
